ABSTRACT: We report a pump−probe spectroscopy study of electron injection rates in dye-sensitized solar cell (DSSC) devices. We examine the case of working devices employing an N719 ruthenium sensitizer and an iodide electrolyte. Electron injection is found to occur mainly on a sub-100 fs time scale, followed by a slower component with a lifetime of 26.9 ps, in accordance with previous reports on model samples. The amplitude of this latter component varies with electrolyte composition from 25 to 9%. The appearance of slower components in the electron injection dynamics may be attributed to an aggregated or weakly bound state of the surface-adsorbed N719 sensitizer. Further measurements are reported varying the cell light bias and load conditions, revealing no influence on electron injection dynamics. No other electron injection event is found to occur up to 1 ns. These results show no evidence for a slowdown of electron injection under working conditions compared to model systems for the electrolytes examined in this study. SECTION: Kinetics and Dynamics D ye-sensitized solar cells (DSSCs) can efficiently convert solar radiation into electricity by means of a molecular or quantum dot light harvester anchored on a wide-band-gap mesoporous semiconductor film. Electron injection from the photoexcited light harvester into the conduction band of the semiconductor, typically TiO 2 , is the first reaction in the photoconversion process.
D
ye-sensitized solar cells (DSSCs) can efficiently convert solar radiation into electricity by means of a molecular or quantum dot light harvester anchored on a wide-band-gap mesoporous semiconductor film. Electron injection from the photoexcited light harvester into the conduction band of the semiconductor, typically TiO 2 , is the first reaction in the photoconversion process.
1 Ruthenium(II) polypyridyl complexes, such as N719 ((Bu 4 N) 2 [Ru(dcbpyH) 2 (NCS) 2 ]), adsorbed on mesoporous nanocrystalline titania films have been successfully used as sensitizers in these devices. 2 They have, therefore, been widely used as model systems for the investigation of electron injection dynamics.
Pump−probe spectroscopy allows monitoring of the rise of the oxidized dye formed after electron injection. Multiexponential kinetic behavior is observed, rendering difficult the application of a simple kinetic model to readily describe these dynamics. N719 and its close derivatives are known to inject electrons into TiO 2 with close to unit quantum yield. 3 Dynamics of charge injection from ruthenium complexes in TiO 2 have been widely studied for the past decades. 4−14 The kinetics observed were reported as being multiphasic and composed of an ultrafast component in the 10−100 fs time range and of a slower exponential part occurring in the 10−100 ps time range. Dynamics are dependent on the sample environment and preparation. Benköet al. interpreted the fast and the slow components in terms of electron injection from the singlet and triplet states, respectively. 6, 7 Wenger et al. extended this model by ascribing the observed multiphasic dynamics to inhomogeneity in dye adsorption on the substrate. 15 The slower time component was assigned to loosely bound dye molecules, present in the aggregated form, which undergo weaker electronic coupling with the Ti(3d) states of the TiO 2 conduction band and therefore inject from their triplet metal-to-ligand charge-transfer state (   3   MLCT) . By contrast, the strongly anchored dye molecules inject directly from their singlet excited state on a femtosecond time scale. This was supported by the observation of monoexponential electron-transfer kinetics with a rise time shorter than 20 fs for a sample where the dye has been adsorbed from a highly dilute solution containing fewer aggregates. This explanation was supported by ultrafast fluorescence studies that revealed a sub-10 fs electron injection from the 1 MLCT. 16 The majority of studies involving the electron injection reaction have so far been performed on model systems. Often, injection dynamics were examined using dye-covered TiO 2 films in vacuum, exposed to a gas or solvent, rather than on complete state-of-the-art devices. However, Haque et al. reported the influence of the electrolyte composition on the electron injection dynamics. 17 Using N719 as a sensitizer, in conjunction with an electrolyte containing 0.1 M lithium iodide, the devices showed a 20 times slower injection rate upon addition of 0.5 M 4-tert-butylpyridine, indicating that electron injection from the singlet state was unlikely to contribute to photocurrent generation in high-performance devices that often employ these two additives. 20 A direct correlation between the transient absorbance absolute amplitude and the incident photon to current conversion efficiency of the device was observed.
The goal of this investigation is to determine electron injection times in working devices by directly monitoring electron injection using pump−probe spectroscopy with a 100 fs instrument response. The effect of the composition of the electrolyte on the interfacial electron injection dynamics was investigated, along with the influence of the light bias and that of changing the external load resistance. We show that an electrolyte judiciously designed to yield optimal photovoltaic performance exhibits also the smallest amplitude for slower components of electron injection, probably by reducing dye aggregation.
The photovoltaic performance of reference devices was assessed by measuring the photocurrent−voltage (J/V) curves to confirm the properties of the samples, which were later used for transient absorbance measurements. The samples studied were sealed devices of varying electrolyte composition, and their fabrication is described in the Experimental Section. Cells 1 and 2 are standard working devices of the same composition, using electrolyte Z946 (1.0 M 1,3-dimethylimidazolium iodide (DMII), 0.15 M I 2 , 0.5 M N-butylbenzimidazole (NBB), and 0.1 M guanidinium thiocyanate (GNCS) in 3-methoxypropionitrile (MPN)). Cell 3 contains no NBB in its electrolyte, and its PV parameters were not measured. The fourth cell studied (cell 4) contains a mixture of 0.5 M NBB in MPN, and cell 5 contains pure MPN as the solvent. These last two devices produce no photocurrent because they lack the iodide/iodine redox couple. Control experiments using films of titania only with and without electrolyte contact have also been performed.
Photocurrent−voltage curves of cells 1 and 2 are shown in Figure 1 . These cells exhibit efficiencies of 3.90 and 3.98% under 1 sun illumination with V oc of 622 and 623 mV, shortcircuit current densities of 8.8 and 8.9 mA cm −2 , and fill factors of 69.9 and 70.4%, respectively. The reported efficiencies are lower than those of state-of-the-art devices fabricated with N719 because we employed thin (3.5 μm) TiO 2 films without additional scattering layers so that the samples would remain transparent for the pump−probe experiment. The observed short-circuit photocurrent densities of 8.5−9 mA cm −2 are close to the value expected for such thin TiO 2 films and N719 as a sensitizer. We employed pump−probe transient absorbance spectroscopy to study the electron injection dynamics using working DSSCs with different electrolyte compositions. Electron transfer was probed at 860 nm, a wavelength that allows convenient monitoring of the transient absorbance of the oxidized dye with a contribution of less than 15% originating from the excited sensitizer species. 4, 6, 15 Monochromatic probe light was used for detection rather than white light in order to avoid chirp-induced artifacts and ensure the fastest time response along with a precise determination of time zero. Excitation of the dye by the pump laser pulse (see eq 1) was followed by electron injection in the TiO 2 conduction band (eq 2). Therefore, monitoring the appearance of the transient absorbance of the oxidized dye adequately reflects the electron injection dynamics.
(1)
All samples showed an ultrafast rise within a time scale shorter than the instrument response function (IRF), accounting for the majority of the total signal amplitude. This rapid signal rise is followed by a slower component, whose amplitude varies from sample to sample, as shown in Figure 2a . Figure 2b shows normalized data, over a longer time scale of 1 ns. No significant change in the signal amplitude was observed after 100 ps, indicating that the electron injection is completed by that time. Normalization of the data for these five devices was simplified by using a singular value decomposition (SVD) procedure, allowing for a reduction in the noise level and, thus, granting easier fitting convergence. They were then fitted globally using eq 3, a sum of convolutions of an exponential with a Gaussian, representing the IRF, adapted from van Stokkum et al. 21 Here, σ represents the width of the Gaussian, and μ is a correction for the position of time zero, while τ i are the time constants. We typically used n = 2, with τ 2 fixed at an infinite time corresponding to 1 μs on our time scale. τ 1 and its relative amplitude are therefore the parameters of interest.
Results of the fit of eq 3 are summarized in Table 1 . σ is shorter than the measured instrument response, implying that part of the rise lies within the laser pulse and confirming the femtosecond time scale of electron injection. The rise time τ 1 is derived as 26.9 ps for the five samples, a value that matches reported literature values for slower components of electron injection. 12 The amplitude of this component, A 1 , varies from 24.5 down to 9.0% of the total amplitude, being maximal in pure MPN solvent. Upon addition of 0.5 M NBB, the amplitude is decreased to 13.0%. Apparently, the addition of NBB reduces dye aggregation or causes a reorganization of the dye at the nanoparticle surface, increasing the strongly bound fraction of N719 and explaining the dominance of the faster injection from the dye singlet state. The use of electrolyte without NBB exhibits an amplitude value close to that of cell 4, suggesting that the other components of the electrolyte such as DMII, iodine, and GSCN likewise have a beneficial effect on the dye adsorption and therefore coupling to the surface. Devices containing state-of-the-art Z946 electrolyte exhibit an even lower fraction of slow electron injection because its amplitude value decreases to 9.0%. These results support the notion that the appearance of slower components in the electron injection dynamics is linked to an aggregated or weakly bound state of the surface-adsorbed N719 sensitizer, in accordance with the different injection time constants reported in the literature. 4−11 This is in keeping with the large variation in the relative amplitudes of these two kinetic components reported by different groups.
However, our results appear to be at variance with the findings of Haque et al. concerning also complete devices. 17 These authors probed the oxidized dye appearance at 800 instead of 860 nm, a wavelength at which the excited dye makes a relatively larger contribution to the transient absorption signal. The subtraction procedure used in this study can therefore lead to minimization of the ultrafast component of the electron injection versus the slower components. Results from Koops et al. 18 that report even slower injection rates on the nanosecond time scale are likely to be biased by the emission analysis employed. The use of time-correlated singlephoton counting monitors the 3 MLCT lifetime and, thus, might report loosely bound or even free dye molecules in solution or aggregates that inject on a slower time scale than singlet states. The importance of the mode of adsorption and the configuration of the sensitizer for the electron injection dynamics is confirmed also by the study of Asbury et al. reporting a diminution in the amplitude of the slower components after aging of the sample. 10 This supports the notion that slow reorganization of loosely bound dye molecules to a self-assembled monolayer occurs on the titania surface when put in contact with the electrolyte.
Further studies examined the effect of illumination and applying an external load on the electron injection dynamics. The light source was a halogen lamp, calibrated to a fluence of 106 mW cm −2 at the sample position. Cell 1 was then either short-circuited or left at open circuit. A 20 ohm load resistor was likewise added to the external circuit in order to study its impact on the reaction dynamics. According to the I/V data reported above, this load resulted in a 40 mV voltage drop across the load. Figure 3 shows that the time response of the transient absorption due to the appearance of the oxidized sensitizer is practically the same for all of the conditions investigated. At open circuit, a maximum voltage is built up across the cell, increasing the concentration of electrons and their Fermi energy to the highest level. The transient absorbance change corresponding to each devices' specific load superimposes perfectly, and it can be therefore concluded that the concentration of conduction band electrons within the range Figure 3 . The rise of the oxidized dye signal confirms that no difference is witnessed even on the fastest time scales, electron injection being of mainly in the sub-100 fs time range. These measurements are in accordance with those of Koops et al., who applied an electrical bias to working devices while measuring their emission decays. This condition led to only a weak change in reported electron injection dynamics. 19 In conclusion, we have shown that the electron injection dynamics in working DSSCs are comparable to those measured on a single electrode in a pure solvent. The interfacial electron transfer from the excited ruthenium complex into the conduction band of TiO 2 occurs mainly on a femtosecond time scale, with most of its amplitude lying under 100 fs. A slower component of electron injection is measured with a lifetime of 26.9 ps, in accordance with previous reports. This is attributed to electron injection from the 3 MLCT states of aggregates or loosely bound forms of the sensitizer molecules. No other electron injection component was found up to 1 ns. The amplitude of the slower component depends on the dye's environment, an effect that has been probed by varying the electrolyte composition. A well-designed electrolyte decreases the amount of dye molecules that are injecting slowly, that is, from a thermalized triplet state. Moreover, there is no evidence for any slowdown of electron injection under working conditions such as illumination with a light bias at both short and open circuit or inserting a load in the external circuit.
■ EXPERIMENTAL SECTION
Photovoltaic devices are prepared using standard TiO 2 films with a 3.5 μm transparent mesoporous layer of 20 nm anatase particles on top of fluorine-doped tin oxide (FTO)-coated glass. Preparation of the paste has been described elsewhere. 22 Films were dyed for 12 h in a solution of N719 dye (5 × 10 −4 M). Cells were then sealed with a platinized FTO counter electrode using a polymer (Surlyn, Dupont) and subsequently filled with an electrolyte composed of 1.0 M 1,3-dimethylimidazolium iodide (DMII), 0.15 M I 2 , 0.5 M N-butylbenzimidazole (NBB), and 0.1 M guanidinium thiocyanate (GNCS) in 3-methoxypropionitrile (MPN), coded Z946. The electrolyte composition was also modified to investigate the influence of its various constituents on electron injection dynamics. Devices were coated with a UV-cutoff/antireflecting polymer.
A 450 W xenon light source (Oriel, U.S.A.) was used to characterize the cells. The spectral output gave an irradiance of 100 mW cm −2 and was matched in the spectral region of 350− 750 nm with the aid of a Schott K113 Tempax sunlight filter (Prazisions Glas & Optik GmbH, Germany) in order to reduce the mismatch between the simulated and true solar spectra to less than 2%. The current−voltage characteristics of the cell under these conditions were obtained by applying an external potential bias to the cell and measuring the generated photocurrent with a Keithley 2400 digital source meter (Keithley, U.S.A.). The devices were masked to attain an illuminated active area of 0.159 cm 2 . The femtosecond transient spectrometer has been described elsewhere. 23 We used it in this study in the two-color configuration. In short, an amplified Ti:Sapphire femtosecond laser at 1 kHz (CPA-2001, Clark-MXR) sourced two NOPAs. The pump was tuned at 530 nm and the probe at 860 nm. Typical instrument response measured by a Kerr gating technique in a thin glass window (SF10, 0.3 mm) was 180 fs. Typical measurements were performed over 1 ns, with 200 data points distributed on a logarithmic scale, with a smallest increment of 10 fs close to time zero. Measurements were systematically repeated twice per sample, and the cells were excited from the electrolyte side of the device. The fluence on the cells was kept low, typically at 400 μJ cm 
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